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A bi-directional 10-GHz microwave photonic ﬁlter is proposed and experimentally evaluated. Its fre-
quency response consists of a series of microwave band-pass windows obtained by the interaction of
externally modulated multimode laser diodes emitting around of 1550 nm associated to the chromatic
dispersion parameter of an optical ﬁber, as well as the length of the optical link. Microwave band-pass
windows exhibit on average a-3 dB bandwidth of 378 MHz. This electro-optical system shows an efﬁcient
conﬁguration and good performance. Potentially, ﬁltered microwave signals can be used as electrical
carriers in optical communication systems to transmit and distribute services such as video, voice and
data.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Owing to the fact that microwave photonic ﬁlters (MPFs) allow
processing radio frequency (RF) signals by using high-speed photonic
devices, they provide a technological alternative to solve some re-
strictions in the electrical domain, such as limitation by frequency
band, sampling frequency speed and precision of signal processing. It
is evident that MPFs are a powerful tool allowing the processing of
microwave signals directly in the optical domain and offering the
advantages of low loss, high bandwidth, immunity to electromagnetic
interference, and the capacity to support high sampling frequency [1].
Thanks to these advantages, MPFs ﬁnd applications in radio-over-ﬁ-
ber systems and radio astronomy [2,3]. Research on MPFs focuses on
designing new structure to obtain tunability, reconﬁgurability and
larger bandwidth [4-6]. Considering this scenario, in recent years we
proposed a MPF architecture whose frequency response in the range
of 0.01–10 GHz consists of four band-pass windows centered at fre-
quencies that can be tailored to the function of the free spectral range
(FSR) of a multimode laser diode (MLD), the chromatic dispersion
parameter of the optical ﬁber used, as well as the length of the optical
link [7]. It has also been successfully demonstrated [8,9], that the
ﬁltered band-pass windows were used as electrical carriers to trans-
mit and distribute signal video ﬁnding potential applications in radio-Ltd. This is an open access article u
Huerta).over-ﬁber systems. Now, the purpose of this paper is to describe a
novel approach to implement a bi-directional MPF based on the
principle previously cited. In this paper, we demonstrate to the best of
our knowledge, this type of architecture. The performance of the
proposed bi-directional 10-GHz MPF is validated experimentally. The
signiﬁcant relevance of this work resides in the fact that potentially
the ﬁltered band-pass windows can be used as electrical carriers to
transmit services such as video, voice, and data. This paper's outline is
as follows. In Section 2, we give a brief description of the basic
principle of operation of the MPF used. Section 3 describes the ex-
periment that supports the approach here proposed. Finally, the
conclusions are summarized in Section 4.2. Principle of operation
As reported in [7], the frequency response of the MPF depicted in
Fig. 1 is determined by the real part of the Fourier transform of the
optical spectrum of the optical source used. The interested reader
can ﬁnd a full theoretical analysis of the principle of operation in the
reference previously cited. In the following, we give a concise ana-
lysis to deduce the parameter that allows determining the central
value for each ﬁltered band-pass window.
We consider a MLD as optical source whose emitted light is
modulated by a Mach-Zehnder Intensity Modulator (MZ-IM) op-
erated on the linear region with a RF electric signal
ω= + ( )V m t1 2 cosm m of electrical frequency ωm, where m is thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Basic architecture of the microwave photonic ﬁlter [7].
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π
m v t
V
, where πV is the
half wavelength voltage of the MZ-IM. Assuming the optical ﬁber
as a linear time invariant system characterized by its propagation
constant β( )and its length ( )L , the received optical signal that
impinges to the photo detector produces a detected current that
can be expressed as [7,10]
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, λ0 is the
central wavelength, D is the chromatic dispersion parameter of the
optical ﬁber, and c is the speed of light in a medium of refractive
index n given as =c c
n
0 , where c0 is the speed of light in free space.
Thus, Eq. (1) can be written as
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Therefore, the frequency response of the MPF is determined by
the second term of Eq. (2), which is proportional to the Fourier
transform of the spectrum of the optical source. Knowing that, a
MLD exhibiting a Gaussian envelope and modes centered at an
angular frequency ω0 can be modeled as [11]
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where S0 is the maximum power emission, Δω is the full width at
half maximum (FWHM) of the spectrum, σω is the FWHM of each
mode, δω is the free spectral range (FSR) between the modes and *
denotes the convolution operation. The term between square
parentheses corresponds to a train of impulses indicating a peri-
odic pattern. By using variables Z and W, as deﬁned previously, the
Fourier transform of Eq. (3) is
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The location of each impulse determines the central frequency
of the nth band-pass ﬁltered in the frequency response of the MPF.
If these values are denoted as fn they can be determined by
equating = ( )πδωZ n
2 . Thus, we obtain⎛
⎝⎜
⎞
⎠⎟δλ= ( )f n D L
1
5n
where n is a positive integer (n¼1, 2,…), and δλ is the FSR of the
spectrum given in nm. Meanwhile, the associated bandwidth at
3 dB of the nth band-pass window is determined as
Δ
π Δ λ
= − ( )f D L
4 ln 2
6bp
It is evident that the transfer function of the MPF is composed
of multiple band-pass windows that depend on the spectral proﬁle
of the MLD, on the chromatic dispersion value of the optical ﬁber,
and on its length.3. Experimental evaluation
In a ﬁrst step, by means of an optical spectrum analyzer (Agi-
lent, model 86143B) we have optically characterized the two MLDs
used in this experiment. Hereafter referred to as MLD_1 and
MLD_2. MLD_1 (Thorlabs, model S1FC1550) at an optical power of
1.25 mW reveals: λ = 1536.05 nm,0 Δλ( ) =FWHM 6.15 nm, and
δλ = 1.1 nm, whereas MLD_2 (Thorlabs, model LPS-1550-FC), at an
optical power of 1.21 mW exhibits: λ = 1547.2 nm,0
Δλ( ) =FWHM 7.31 nm, and δλ = 1.1 nm It is important to remark
that the use of a temperature-controller allows us to operate the
laser diodes with a well-stabilized injection current, assuring in
this way the stability of the optical parameters to thermal ﬂuc-
tuations and by consequence a low value of relative intensity noise
(RIN) [12].
Once the optical characteristics are veriﬁed and established the
conditions of operation, the proposed bi-directional 10-GHz MPF
set-up illustrated in Fig. 2 is assembled.
It is important to highlight that the frequency range available
for the microwave signal generators (MSGs) used in this experi-
ment is 0.01–20.0 GHz for MSG_1 (Anritsu, Model MG3692), and
250 kHz–3.0 GHz for MSG_2 (Agilent, Model E4425B). In the fol-
lowing, a detailed description of the experimental procedure is
given for two cases.
Case 1. MSG_1 is used to feed the Mach Zehnder-Intensity Mod-
ulator (MZ-IM_1) in order to modulate the optical signal that
travels from left to right, whereas MSG_2 is employed to feed the
Mach Zehnder-Intensity Modulator (MZ-IM_2) with the aim of
modulating the optical signal that travels from right to left. The
light issued by MLD_1 is injected into the optical isolator (OI) in
order to avoid reﬂections and to guarantee the stability of the
optical source. Since the MZ-IM is polarization-sensitive, a polar-
ization controller (PC) is used to maximize the modulator output
power. The lightwave is intensity-modulated via MZ-IM_1 (Phot-
line, model MXAN-LN-20, insertion loss of 2.7 dB, π =V V5.5 ,
operating wavelength 1530–1580 nm) in the frequency range of
0.01–10 GHz at 5 dBm and =V V2.97bias . The modulated optical
signal is injected to Port 1 of OC_1 passing to Port 2 where it is
Fig. 2. Scheme of the proposed bi-directional 10-GHz MPF structure.
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(SM-SF), which according to the manufacturer speciﬁcations ex-
hibits α = 0.2 dB/km, and a chromatic ﬁber-dispersion parameter
of D¼15.81 ps/nm-km at the wavelength of 1550 nm. At the end
of the link, the light is launched to Port 2 of OC_2 passing to Port 3;
this port is launched to a fast photo detector, PD_1 (Miteq, Band-
width-13 GHz, = A W0.9 /R ) and its output connected to an elec-
trical ampliﬁer (Gain 26 dB), and ﬁnally connected to an electrical
spectrum analyzer (Anritsu, model MS2830A-044) in order to
measure the corresponding frequency response. In regards to
MLD_2, the light issued of this source passes through the optical
isolator (OI), the polarization controller (PC), and is intensity-
modulated via MZ-IM_2 (JDSU, model AM-150, insertion loss of
5.0 dB, π =V V6 , operating wavelength 1540–1560 nm) in the
frequency range of 250 kHz–3.0 GHz at 10 dBm and
=V V4.13 .bias The modulated optical signal is injected to Port 1 of
OC_2 passing to Port 2 where it is connected into the bobbin of
SM-SF for its return to the left. At the end of the link, the light is
attached to Port 2 of OC_2 passing to Port 3; this port is launched
to a fast photo detector, PD_2 (Miteq, Bandwidth-13 GHz,
= A W0.9 /R ) and its output connected to an electrical ampliﬁer
(Gain 26 dB), and ﬁnally launched to the electrical spectrum ana-
lyzer to measure the corresponding frequency response. Fig. 3
(a) illustrates the frequency response where the presence of four
well-formed band-passes are clearly appreciable at f1¼2.31 GHz,
f2¼4.56 GHz, f3¼6.96 GHz and f4¼9.20 GHz, whereas Fig. 3Fig. 3. (a) Measured frequency response recovered by PD_1 (left to right direction)(b) shows the only band-pass window centered at f1¼2.08 GHz.
Case 2. The only difference to the previously described case is the
exchange of microwave signal generators, that is, MSG_2 (elec-
trical power of 10 dBm and =V 2.97 Vbias is used to feed MZ-
IM_1 and MSG_1 (electrical power of 5 dBm and =V 4.13 Vbias ) is
used to supply MZ-IM_2. Fig. 4(a) shows the only band-pass
window centered at f1¼2.28 GHz. As can be observed in Fig. 4(b),
the frequency response comprises four well-formed band-passes
at f1¼2.14 GHz, f2¼4.26 GHz, f3¼6.36 GHz, and f4¼8.41 GHz.
According to the literature [13], the presence of a low frequency
band-pass in the ﬁlter response is observable in all the graphs,
being more noticeable its presence in graphs 3(b) and 4(a).
The discrepancy in power levels and location of the central
frequency of the ﬁltered band-passes is justiﬁed by the technolo-
gical differences among the Mach Zehnder-Intensity Modulators
(electrical return loss, insertion loss and optical bandwidth) used.
Finally, Table 1 summarizes the location of the central fre-
quency of the ﬁltered band-passes obtained experimentally, as
well as by the use of Eq. (5); the related error percentage; the
associated bandwidth and the signal-to-noise-ratio (SNR) para-
meter corresponding to each ﬁltered band-pass; and also some
statistical data. The error percentage between the theoretical and
experimental value of fn is computed as. (b) Measured frequency response recovered by PD_2 (right to left direction).
Fig. 4. (a) Measured frequency response recovered by PD_1 (left to right direction). (b) Measured frequency response recovered by PD_2 (right to left direction).
Table 1
Summary of the theoretical and experimental band-pass windows and its associated bandwidth.
FREQUENCY Case 1
MLD_1 (LEFT TO RIGHT DIRECTION) MLD_2 (RIGHT TO LEFT DIRECTION)
THEO. EXP. % ERROR ΔF EXP. (MHZ) ΔF THEO. (MHZ) SNR (DB) THEO. EXP. % ERROR ΔFEXP (MHZ) ΔF THEO. (MHZ) SNR (DB)
f1(GHZ) 2.27 2.31 1.76 351 432 7.54 2.27 2.08 8.37 313 363 5.39
f2(GHZ) 4.55 4.56 0.21 407 432 8.58
f3 (GHZ) 6.83 6.96 1.90 431 432 5.95
f4(GHZ) 9.11 9.20 0.98 460 432 5.36
AVERAGE 1.2 412 6.86
STD.DEV 0.8 46.2 1.4718
Case 2
FREQUENCY
f1(GHZ) 2.27 2.28 0.44 319 432 8.05 2.27 2.14 5.72 358 363 6.82
f2(GHZ) 4.55 4.26 6.37 320 363 10.22
f3(GHZ) 6.83 6.36 6.88 336 363 8.67
f4(GHZ) 9.11 8.41 7.68 373 363 8.41
AVERAGE 6.66 346 8.53
STD. DEV. 0.8 23.4 1.3921
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The theoretically associated bandwidth of each band-pass
window when MLD_1 and MLD_2 are used, according to Eq. (6), is
in the order of 432 MHz and 363 MHz (see Table 1), respectively.
These values allow us to guarantee enough bandwidth in case of
ﬂuctuations (in the order of nanometers) between mode-spacing,
and as a consequence, assure good stability for the proposed bi-
directional 10-GHz MPF.4. Conclusion
In summary, we have proposed and experimentally demon-
strated a bi-directional 10-GHz MPF whose frequency response
consists of a series of microwave band-pass windows generated by
the interaction of externally modulated multimode laser diodes
emitting around of 1550 nm associated to the chromatic disper-
sion parameter of an optical ﬁber, and the length of the optical
link. In particular, in this work we have conducted a series of ex-
periments in order to verify the effect of ﬁltering in both direc-
tions. The proposed bi-directional MPF shows good robustness to
optical ﬂuctuations and high band-pass selectivity. In spite
of technical limitations (bandwidth of the microwave signalgenerators as well as the use of Mach Zehnder-Intensity Mod-
ulators from different manufacturers), experimental results suc-
cessfully demonstrated the principle to establish a bi-directional
MPF. It is feasible to customize the proposed bi-directional 10-GHz
MPF to attain a desirable ﬁltering frequency for a speciﬁc appli-
cation. For instance, the distance between two central sites de-
termines the number of microwave band-passes present in the
frequency response, and as a consequence, it is possible to assign a
particular microwave band-pass for particular services (data,
voice, and video). However, for a long SM-SF link the Stimulated
Brillouin Scattering (SBS) phenomenon must be considered [14].
This effect will affect the frequency response at around SBS fre-
quency (around 10-GHz). Therefore, the SM-SF length should be
well selected in order to avoid the band-pass at around 10-GHz.
This means the distance between the bi-directional transmission
places will be limited by this effect. It is also advisable the use of
Mach Zehnder-Intensity Modulators from the same manufacturer
in order to cover the C band (1530–1565 nm), and L band (1565–
1625 nm) and exhibiting minimal insertion losses values. Finally, it
is important to point out that undoubtedly, a manner to optimize
this experiment is by realizing a complete characterization of the
ﬁlter that could be done by using a Lightwave Component Ana-
lyzer (LCA) in order to obtain all relevant opto-electronic S-para-
meters, like S21, S11 and S22. Unfortunately, at the present we do
not have in our laboratory this equipment. A complete procedure
to achieve this task is explained at detail in [15].
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